The exact mechanism responsible for the significant enhancement of the superconducting transition temperature (T c ) of monolayer iron selenide (FeSe) films on SrTiO 3 (STO) over that of bulk FeSe is an open issue. We present the results of a coordinated study of electrical transport, low temperature electron energy-loss spectroscopy (EELS), and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) measurements on FeSe/STO films of different thicknesses. HAADF-STEM imaging together with EELS mapping across the FeSe/STO interface shows direct evidence of electrons transferred from STO to the FeSe layer. The transferred electrons were found to accumulate within the first two atomic layers of the FeSe films near the STO substrate. An additional Se layer is also resolved to reside between the FeSe film and the TiO x -terminated STO substrate. Our transport results found that a positive backgate applied from STO is particularly effective in enhancing T c of the films while minimally changing the carrier density. This increase in T c is due to the positive backgate that "pulls" the transferred electrons in FeSe films closer to the interface and thus enhances their coupling to interfacial phonons and also the electron-electron interaction within FeSe films.
INTRODUCTION
Although bulk FeSe has a superconducting transition temperature T c of 9.4 K (1, 2), a scanning tunneling microscopy (STM) study of 1-unit cell (UC) FeSe film on SrTiO 3 (STO) substrate in 2012 found a superconducting gap of 20 meV (3) . Despite the ensuing intensive experimental (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and theoretical studies (21) (22) (23) (24) (25) (26) (27) (28) , the exact mechanism responsible for the highly enhanced T c in this system is still lacking. An angle-resolved photoemission spectroscopy (ARPES) experiment (7) found a replica band in a 1-UC FeSe film on STO attributable to the strong coupling between electrons in the FeSe layer and an optical phonon mode of the underlying STO. This is consistent with the proposal that the high T c of the FeSe/STO system is due to the stronger pairing of the electrons in the FeSe film that is enabled by the STO phonons (21) . A number of recent experiments investigated the effect of doping electrons into 3-UC and thicker FeSe films grown on different substrates (STO, MgO, or graphene) and also on free-standing FeSe flakes by depositing potassium (29, 30) or liquidgating layers (31, 32) onto these films/flakes. Enhancements of T c to near and above 40 K were found. Ex situ transport and Meissner effect measurements on 1-UC FeSe films found onset of superconductivity just above 40 K and zero resistance around 23.5 K (8) . A recent STM study by Tang et al. (33) found that the deposition of potassium can induce superconducting gaps in 2-UC FeSe/STO films, which were previously not found by STM (3) and ARPES (10) techniques. On the other hand, the same STM study (33) also found that the superconductivity in 1-UC FeSe on STO is continuously suppressed with increasing potassium coverage. Nevertheless, these electron-doping experiments on thicker films led to the suggestion that STO plays a role similar to potassium in enhancing the T c of the 1-UC FeSe/STO system, namely, as an electron donor to the film. To validate STO as the electron donor responsible for the enhancement of T c in FeSe films, it is crucial to have clear and direct evidence of charge transfer across the interface from STO to the FeSe film.
Here, we report a complementary Hall transport, atomically resolved electron energy-loss spectroscopy (EELS) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) studies on the same 1-, 8-, and 14-UC FeSe films on STO. Transport measurements were also carried out in a number of other 1-and 2-UC films. The high spatial resolution (~0.02 nm) EELS mapping across the FeSe/STO interface at 10 K shows an explicit and unambiguous blue shift of energy, which is induced by the screening potential caused by electron charge transfer from STO to the FeSe films. According to the profile of screening potential, the transferred electrons accumulate within the first two FeSe UC near the interface, irrespective of the thickness of the FeSe film. Our systematic transport measurements confirm that the T c of the 1-UC films can be enhanced by thermal annealing [which introduces electrons to the film (5, 9)] and also by backgating via STO with a positive potential (9) . We found that backgating is particularly effective in enhancing the T c without significantly changing the carrier density of the films. This lends support to the model of electron-phonon coupling across interface as a mechanism for high T c (19, 21) because the positive potential tends to "pull" the interfacial electrons closer to the high Debye temperature STO phonon bath. We note that the electron-electron interaction within the FeSe film (34) (35) (36) should also be strengthened by gating in such an interfacial two-dimensional electron gas (2DEG) as compared to bulk carriers due to the lowering of its dimension (37) .
RESULTS

Superconducting FeSe/STO films
The FeSe films were grown on heat-treated TiO 2 -terminated insulating STO (001) substrates by molecular beam epitaxy (MBE) under a pressure of 5 × 10 −10 torr. Four 1-UC-thick FeSe films that annealed at 550°, 500°, 400°, and 330°C are labeled respectively as S1 (1 UC), S1′ (1 UC), S1″ (1 UC), S1‴ (1 UC). Figure 1F shows S1 (1 UC), annealed at 550°C has the highest T c . Three thicker FeSe films of 2, 8, and 14 UC were also annealed at 550°C and are denoted as S2 (2 UC), S3 (8 UC), and S4 (14 UC). A 14-UC FeTe followed by 10-nm-thick Te film was deposited on all samples as capping layers (8) to prevent contamination for ex situ transport and EELS measurements. The cross-sectional high-resolution STEM and EELS measurements of the S1 (1 UC) film (Fig. 1B) shows that there is an interstitial layer between STO and FeSe films. Similar interfacial structures were reported (17, 38) . The room temperature EELS study on FeSe/STO system (17) identified the layer as two TiO x layers with increased oxygen vacancies. A "tail-frame" like structure was observed in the study of Li et al. (17) and was speculated by the authors as an extra Se layer. Our atomically resolved HAADF-STEM imaging and EELS measurements collect simultaneously Ti, Fe, and Se edge signals (Fig. 1, B to D, and fig. S2 ) and clearly reveal the Se layer (labeled as Se1 in Fig. 1B ) between the double TiO x layers and the FeSe layer. Although careful EELS experiments indicate a trace of Ti and Fe signals in this layer, analysis of core-loss delocalization (39) suggests that the signals come from the neighboring Ti and Fe atomic columns and are localized within one atomic layer. This Se layer may play a role in binding the double TiO x layer to the STO (40) , otherwise the double TiO x layer on the surface is not stable and tends to unbind from the STO surface. The overall structure of the FeSe film on STO is schematically shown in Fig. 1A . Figure 1 (G to J) shows the superconducting transitions of the S1 (1 UC), S2 (2 UC), and S3 (8 UC) films shifting to higher temperature with increasing backgate voltage V g , whereas the S4 (14 UC) film shows weak gate dependence. T c is defined as the temperature of zero resistance (specifically when the measured resistance is lower than 0.5% of the normal state value), and we also list T c-mid as the temperature when the resistance has dropped to half of the normal state value. For the S1 (1 UC) film (Fig. 1G) , the T c 's are 15.2, 19.0, and 21.5 K, and the T c-mid 's are 21.8, 24.9, and 27.0 K at V g = −200, 0, and +200 V, respectively. The T c (or T c-mid ) found here for the S1 (1UC) film is substantially lower than that reported in STM (9), ARPES (5-7), and in situ transport studies (14) . The fact that the FeTe capping layer introduces hole carriers into the FeSe film is the likely reason for reducing T c ( fig. S10 ). Figure 2 (A to C) shows the core-loss EELS mapping with energy (in eV) as the horizontal axis and the spatial position along the thickness direction as the vertical axis for the same S1 (1 UC), S3 (8 UC), and S4 (14 UC) films. A blue shift of the Fe's L 3 edge extending into the FeSe film from the STO interface is observed in all three samples at 10 K (Fig. 2 , D to F) but is not seen at 300 K ( fig. S4 ). For the 8-and 14-UC films, the observed energy shift extends beyond 1 UC but less than 2 UC, and smoothly diminishes into FeSe film. The maximum magnitudes of the blue shift at the interface shown for the 8-and 14-UC films are~0.7 ± 0.1 eV (Fig. 2E) and~0.4 ± 0.1 eV (Fig. 2F) , respectively. For the 1-UC film, the blue shift is clearly present (Fig. 2D ), but the magnitude is hard to estimate. This limited energy and spatial resolution for the 1-UC film is the result of signal delocalization and probe broadening.
EELS measurement results
To understand the origin of the energy shift, we performed Green's function-based EELS spectral simulation using the program FEFF (41) (42) (43) . The local chemical environment of the FeSe films will change when it is in direct proximity with STO surface. However, this effect can be excluded as the origin of the shift because no energy shift is found in the main Fe's L 3 in the simulation, even for the Fe ions at the first UC closest to STO (Fig. 2G) . The effect of STO shows up as a shoulder in the spectrum on the high energy side of the main peak near 712 eV. The shoulders found at the second and third UC are nearly identical. The strain effect can also be excluded because FeSe is experiencing tensile stress near STO (6), which should result in a red shift instead of the observed blue shift ( fig. S6 ).
We propose that the screening potential in the first two FeSe layers near the interface, induced by transferred electrons from the STO substrate to FeSe layers, is responsible for the observed blue shift. The STO substrates used in the experiments are electron-doped due to oxygen vacancies at the TiO x interstitial layer between STO and FeSe films (6, 17, 23) . The electrons that reside in impurity bands are typically close to the bottom of the STO conduction bands, although the Fermi level in FeSe is close to the maximum of the STO valence band (22) . This is schematically shown in Fig. 2H . Consequently, the work function difference between FeSe and STO is close to the STO band gap (~3 eV) and can lead to a charge transfer from STO to FeSe. The built-in electric field induced by this charge transfer yields a potential across the FeSe/ STO interface (Fig. 2I) . Given the metallic nature of FeSe films, this potential can be regarded as the screening potential with a screening length of 2 UC. Because of the finite screening length, the energy difference between the energy of Fe L 3 (2p 3/2 ) and L 2 (2p 1/2 ) levels near the interface and the Fermi energy is increased, giving rise to the blueshift spectra of these core levels in the electron energy loss. The screening potential picture also provides an explanation of the higher energy shift observed in the 8-UC film than that in the 14-UC film (~0.7 eV versus~0.4 eV). Our Hall transport measurements (Fig. 3) show more hole-type carriers in the 14-UC film as compared to those in the 8-UC film, suggesting a lower Fermi energy E F in the thicker film. According to first-principles calculations on a FeSe film (24) , the DOS increases when the Fermi energy is lowered deep into the valence band (Fig. 2J) . Thus, we expect a smaller DOS at the Fermi energy for the thinner film and larger energy shift with the assumption that same numbers of electrons were transferred. To arrive at a more quantitative estimate, we make the following assumptions: (i) The transferred charges are assumed to be uniformly distributed in the FeSe layers with a thickness d around 1 to 2 UC (0.55 to 1.1 nm) near the interface, (ii) all the transferred electrons come from 2DEG on the STO (001) surface (44, 45) with a sheet carrier density n~0.5 to 1.5 × 10 14 cm . This is consistent with the observed energy shift (8 UC,~0.7 eV; 14 UC,~0.4 eV). This consistency supports the conclusion that the blue shifts observed in the EELS coreloss mapping are direct evidence of electron transfer from STO to the FeSe films.
Hall transport results
In addition to longitudinal transport and EELS measurements, we carried out Hall transport measurements systematically a under different magnetic field (m 0 H), T, and V g on S1 (1 UC), S3 (8 UC), S4 (14 UC), S2 (2 UC), and also on the three 1-UC films (S1′, S1″, and S1‴) annealed at lower temperatures (Fig. 3 and fig. S8 ). The Hall resistances R yx were measured as a function of m 0 H from −8 to 8 T at different fixed T ranging from 300 K down to 30 K. Linear dependence of R yx on m 0 H is found for all samples, consistent with the Hall results in the study of Sun et al. (12) . The T dependences of the Hall coefficient R H = R yx /m 0 H for all seven samples are shown in Fig. 3 (C and E) . R H changes sign from positive to negative upon cooling from 300 tõ 140 K for S1 (1 UC), S2 (2 UC), and S3 (8 UC) films. This behavior has been observed in other multiband materials in the presence of both electron-type and hole-type carries, such as NbSe 2 (46) . Below 50 K, R H of the S3 (8 UC) film turns positive again. R H for the S4 (14 UC) film stays positive for all temperatures with a rapid increase below 100 K. This behavior indicates that the hole carrier densities n h in both 8-and 14-UC FeSe films are enhanced substantially at low T (see the Supplementary Materials). This hole carrier-dominated behavior for the thicker film is similar to that found for bulk FeSe with low T c . The onset temperature of superconductivity in 8-UC FeSe films is higher than T c of bulk FeSe (1, 2), indicating that the interface is still responsible for the superconductivity of 8-UC FeSe film. Figure  3E shows that annealing at higher temperatures makes the 1-UC films to be more electron carrier dominant at low T and as a consequence with higher T c as shown in Fig. 1E .
The V g dependence of R H for all seven samples has been studied. R yx versus m 0 H at 30 K for the S1 (1 UC) film under different V g is shown in Fig. 3B , and additional data for other samples are shown in fig. S8 . Figure 3D shows that the effect on R H due to a change in V g from −200 to +200 V is an order of magnitude smaller than the difference in R H of films of different thicknesses. Similarly, weak dependences of R H on gating are also seen for the four 1-UC samples subjected to different annealing procedures (Fig. 3F) .
The relationship between R H and the carrier density (which depends on V g ) in our samples is in sharp contrast to that in a typical metal, where R H is inversely proportional to carrier density. This is the case because our samples are populated by both electron-and hole-type carriers. In other words
where e is the electron charge, n h and n e are the hole and electron carrier densities, and m h and m e are the hole and electron mobilities. According to Eq. 1, whenn e m Similar T c but different R yx is observed for samples S3 and S1′. This is related to the fact that the transferred charge from STO is found only in the first 1-to 2-UC FeSe close to the interface. It is likely that the electron density at the interface for S3 and S1′ are very similar, but sample S3 (8 UC) has more hole carriers than the sample S1′ (1 UC). Therefore, sample S3 shows a positive R H , whereas sample S1′ shows a negative R H .
DISCUSSION
In Fig. 4 , we summarize the effect of annealing, film thickness variation, and V g on T c-mid and R H of the seven samples. Although R H and T c-mid of the film depends on both the thickness and the annealing (1 UC), S1′ (1 UC), S1″ (1 UC), and S1‴ (1 UC) annealed at different temperatures. (F) R H as a function of V g at T = 30 K for S1 (1 UC), S1′ (1 UC), S1″ (1 UC), and S1‴ (1 UC).
temperature, backgating from STO is found to be particularly effective in enhancing the T c-mid of thin FeSe films without significantly changing R H , aka the total carrier density of the film. This is the case because, as we have shown in presenting the EELS results, there is already a 2DEG confined near the interface transferred from STO. Because FeSe film is a metal, the accumulated charges by the gating effect is much smaller compared to carrier density in the system. The accumulated electron density at the interface at V g = +200 V is estimated to be 1.84 × 10 13 cm −2 at 30 K based on the dielectric constant value of 8300 (47). This is more than five times smaller than the density of the 2DEG found on the STO (001) surface (44, 45) , namely, n~1 × 10 14 cm −2 . In other words, the electric field generated by the backgate is screened by the accumulated charges at the STO/FeSe interface, and its effect is limited within the screening length. Thus, we suggest that the main influence of the backgate on T c is to pull electrons in FeSe films closer to the STO interface. At the FeSe/STO interface, electrons can benefit from the high Debye temperature STO phonon bath and thus the electronphonon coupling for superconductivity is enhanced (7, 19, 21, (48) (49) (50) . This enhancement scales with the product [~N(0)|g(k,q)| 2 ], where N(0) is the DOS and g(k,q) is the coupling vortex (51). Our results cannot single out whether it is N(0) or g(k,q) that is primarily responsible for the enhancement of electron-phonon coupling. It was pointed out by B. Li et al. in a calculation (24) that a charge transfer process will enhance DOS. Because the transferred electrons are close to the STO surface, it is possible that g(k,q) is also increased.
Besides electron-phonon coupling between the FeSe film and the STO substrate, the electron-electron correlation within the film due to the transferred charges across the interface can also be enhanced and lead to an enhanced T c . However, a theoretical study (37) found a reduction of correlations in the FeSe monolayer on STO without oxygen vacancies as compared with bulk FeSe. When the same reference considers the FeSe/STO system with oxygen vacancies, mimicking the actual experimental situation, the Fermi surface is altered, and a strong correlation is found in the FeSe monolayer. Therefore, we arrive at the conclusion that the transfer of electrons from STO across the interface into the FeSe film can enhance both electron coupling to STO phonons and electron-electron interaction within the FeSe film. Both mechanisms can be responsible for the observed T c enhancement in the FeSe/STO system. Figure 1 (G to I) shows obvious T c-mid dependence on V g for 1-, 2-, and 8-UC films with the 8-UC film showing the strongest effect. This dependence is not seen for the 14-UC film (Fig. 1J) . We found the gating effect does become stronger with decreasing temperature possibly due to the strong temperature dependence of the dielectric constant of STO ( fig. S9) (52) , indicating that in the 8-UC film (and also S1′, S1″, and S1‴) with lower T c-mid , the gating effect may thus be enhanced to provide more doping carriers in the 8-UC film. The asymmetric potential induced by the V g could be another reason for the strong V g effect for the 1-and 2-UC films to 8-UC film. A positive V g tends to pull the electron carriers to the FeSe layers closer to the STO/FeSe interface and "repulse" hole carriers away from the interface. This spatial separation between electron and hole carriers has a strong influence on the critical temperature T c-mid , as well as the curvature of R xx around T c-mid . The length scale of spatial separation is determined by the screening length, which is on the order of 1 to 2 UC. This screening effect is particularly strong for the 8-UC film because the film thickness is larger than the screening length. However, for the 1-or 2-UC film, the strong quantum confinement will significantly reduce the spatial separation between electron and hole carriers, thus weakening the effect. Because the 14-UC film is also thicker than the screening length, the mechanism of spatial separation of charges should be similar to the 8-UC film. The reason why there is no observable gating effect for the 14-UC film may be related to the fact that the high hole carrier concentration in the thicker, that is, bulk-like, films overwhelms the spatial separation effect operable in thinner films.
To summarize, we carried out a complementary electrical transport and low-temperature EELS measurements to understand the physics of the extraordinary high T c of interface superconductivity in FeSe/STO system. Our results show direct evidence of electrons transferred from STO to the first two atomic layers of FeSe films. The confinement at the interface enhances the electron-electron interaction within the FeSe film and also strengthens the coupling of the electrons to the STO phonons, thus elevating T c . Our new technique of EELS mapping across the FeSe/ SrTiO 3 interface at cryogenic temperature can be a powerful tool for the study of other 2D systems.
Note that during the peer-review process of this paper, an independent work with a similar conclusion but different techniques has appeared in Nature Communications (53).
MATERIALS AND METHODS
MBE growth
Thin film growth for transport measurement was performed using a custom-built ultrahigh vacuum (UHV) MBE system with a base pressure lower than 5 × 10 −10 torr. Before the STO substrate was loaded into the MBE chamber, it was annealed in a tube furnace at 985°C under flowing oxygen gas. The TiO 2 -terminated STO surface was formed during this heat treatment process (8) . Then, the heat-treated STO substrates were transferred into the UHV MBE chamber and annealed at 600°C for 1 hour. Oxygen vacancies on the surface, that is, the TiO x double layer, were likely formed at this stage. FeSe films were grown by co-evaporating Fe (99.995%) from an E-gun cell and Se (99.999%) from a Knudsen cell with a flux ratio of 1:20 on the STO substrate at 330°C. The fluxes of the Fe and Se were determined using separate quartz crystal monitors. The growth rate for the films was approximately 0.2 UC/min. Epitaxial growth was monitored by in situ reflective high-energy electron diffraction (RHEED), where the high crystal quality and the atomically flat surface were confirmed by the streaky and sharp "1 × 1" patterns ( fig. S1 ). The annealing temperatures for S1 (1 UC), S1′ (1 UC), S1″ (1 UC), and S1‴ (1 UC) are 550°, 500°, 400°, and 330°C, respectively. A 14-UC-thick FeTe capping layer is deposited on the FeSe films at~330°C, and then, the sample was cooled down to room temperature. To further protect the FeSe films, we deposited a 10-nm-thick Te layer at room temperature on top of the FeTe layer before its removal from the MBE chamber for transport measurements.
Atomic imaging and EELS measurements
The low temperature EELS measurements were carried out using a custom-designed, low-drift liquid-He stage newly developed by Gatan for atomic imaging and spectroscopy. The temperature is monitored by a factory-calibrated silicone diode. The spatial increment of the line scan of the spectrum images was~0.02 nm. Both low-loss, including the zero-loss peak, and core-loss spectra were collected simultaneously for precise calibration to obtain the precise energy shift.
Transport measurements
The Hall and longitudinal resistances were carried out in a Quantum Design Physical Property Measurement System (1.8 K, 9 T) with the excitation current flowing in the film plane and the magnetic field applied perpendicular to the plane. The FeSe/STO films were scratched to a six-terminal Hall bar geometry device using a needle by hands. The effective area of the Hall bar device is~1 mm × 0.5 mm. All the longitudinal resistances in the manuscript and supporting materials were expressed as sheet resistances. The backgate voltage was applied using the Keithley 2450 from −200 to +200V.
EELS simulations
The EELS simulation is carried out using FEFF 9, which is a software package to perform multiple scattering calculations of multiple atomic core-level spectroscopies including EXAFS and EELS. A part of the atomic structure used for this simulation is shown in Fig. 1A , where both the TiO 2 double layer and the additional Se layer were incorporated into the simulation. The atomic structure was optimized on the basis of energy potential method, where the distance between the additional Se layer and the TiO 2 double layer appears to be smaller than that from transmission electron microscopy observation in Fig. 1B . We changed the distance between the FeSe and the STO layer and found negligible effect on the Fe L 3 and L 2 energy level positions, and no blue shift was observed. The full multiple scattering cutoff radius and the self-consistent-field cutoff radius were taken as 0.8 and 0.4 nm to ensure the convergence. The supercell size is chosen to be 10-UC FeSe and STO, far beyond the cutoff radii. Moreover, the HedinLundqvist self-energy and the random phase approximation with corehole correction were taken into account properly in the simulation.
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